A 1310 to 1550 nm wavelength converter based on nonlinear polarisation rotation in a single semiconductor optical amplifier is demonstrated. Error-free 1310 to 1550 nm wavelength conversion is shown at 20 Gbit=s.
Introduction: One of the key components in all-optical communication networks using the whole low-loss bandwidth of the silica fibre is an ultra-wideband wavelength converter [1] . Use of all-optical ultrawideband wavelength converters enhances network flexibility, allowing an all-optical wavelength conversion between different transmission windows, and therefore avoiding the bottleneck of optical-electricaloptical conversion. This will become of particular importance at the network nodes interfacing metro-access systems employing the whole low-loss bandwidth of the silica fibre, and the core network traditionally centred in a 1550 nm window. A number of metro-access schemes utilising simultaneously 1310 and 1550 nm transmission windows have been proposed, e.g. [2, 3] . Ultra-wideband wavelength converters applied in metro-access systems have to deliver high performance while remaining cost-effective. A cost-effective alternative to 1310 to 1550 nm wavelength converters based on expensive LiNbO 3 waveguides [4] , are wavelength converters employing semiconductor optical amplifiers (SOAs). Previously demonstrated SOA-based 1310 to 1550 nm wavelength converters which were based on a split contact SOA [5] and a distributed feedback SOA [6] operated at bit rate below 1 Gbit=s. The highest reported, 1.25 Gbit=s error-free 1310 to 1550 nm wavelength conversion was achieved with an SOA operating in MachZehnder interferometer (MZI) configuration [1] . However, a complicated control mechanism is required and the bit rate is limited to below 2 Gbit=s.
In this Letter, we report a novel all-optical 1310 to 1550 nm wavelength converter based on nonlinear polarisation rotation in an SOA. We demonstrate that error-free wavelength conversion from 1310 to 1550 nm can be realised at bit rate 20 Gbit=s by using a single SOA. The nonlinear polarisation rotation in the SOA had been applied previously for demultiplexing [7] or in-band wavelength conversion [8] . However, nonlinear polarisation rotation in the transparency region of the SOA has not been reported. Setup and principle of operation: Fig. 1 shows a schematic diagram of the experimental setup for the all-optical 1310 to 1550 nm wavelength conversion. An intensity modulated non-return-to-zero (NRZ) signal at 1310 nm enters the wavelength converter through a polarisation controller (PC1). Next, the 1310 nm NRZ signal passes through a 1310=1550 nm wideband coupler (WC1) and finally enters a 1310 nm SOA. The PC1 is adjusted to achieve the optimum wavelength conversion performance. The multi-quantum well SOA employed (produced by Philips, The Netherlands) has an active area with a length of 800 mm. A 1550 nm continuous-wave (CW) signal passes through a second wideband coupler (WC2) and is fed into the 1310 nm SOA. The polarisation of a 1550 nm CW light is adjusted by polarisation controller (PC2) to be approximately 45 to the orientation of the SOA polarisation axes. The 1310 nm SOA is employed in a bidirectional configuration and the 1550 nm signal travels through the 1310 nm SOA in the opposite direction to the 1310 nm NRZ signal. The presence of the WC2 is not essential for the operation of the wavelength converter, and the CW light at 1550 nm coming from the PC2 can be directly fed into the 1310 nm SOA. During experiments we used the 1310 nm output of the WC2 for monitoring purposes. The SOA is generally a birefringent device [9] . The injected 1310 nm light introduces additional birefringence in the SOA via carrier density changes [9, 10] . This causes the transverse magnetic (TM) and the transverse electric (TE) modes of the signals travelling through the 1310 nm SOA to experience a different refractive index, also in the transparency region of the SOA. Therefore, the 1550 nm signal at the SOA output has a changed state of polarisation with respect to a 1550 nm signal without any 1310 nm signal present. After passing through the SOA, the 1550 nm signal is separated from the 1310 nm signal in the WC1 and enters a polarisation filter formed by a polarisation beam splitter (PBS) and a polarisation controller (PC3). The PBS has an extinction ratio better than 20 dB. The PC3 is adjusted in such a way that the 1550 nm signal with the rotated polarisation passes through the PBS. After passing through the PBS, the 1550 nm signal enters a preamplified receiver and the bit error rate (BER) tester. The preamplified receiver consists of a variable attenuator (ATT), an erbium-doped fibre amplifier (EDFA), bandpass filter (BPA) and a 20 Gbit=s data receiver.
Experiments and results: A 19.9066 Gbit=s NRZ signal was generated by modulating a CW signal at 1310 nm in an external MachZehnder modulator with the pseudorandom bit sequence (PRBS) of length 2 31 À 1. The average power of the input NRZ 1310 nm signal was set to 5.3 dBm, while the power of the 1550 nm laser CW was set to 7.0 dBm. The 1310 nm SOA driving current was set to 400 mA. Fig. 2 presents optical spectra measured at the 1550 nm output (A in Fig. 1 ) and 1310 nm output (B in Fig. 1 ) of the SOA; to perform measurements an additional 3 dB coupler was inserted at the given points. It can be seen that no amplified spontaneous emission (ASE) noise is added to the 1550 nm signal. Because of reflections in the SOA, some of the 1310 nm data signal is also present at the 1550 nm output. These unwanted reflections may reduce available gain and therefore reduce the refractive index changes. The 1550 nm signal experiences high attenuation in the 1310 nm SOA. We measured the SOA attenuation at 1550 nm to be 13 dB at 0 mA SOA current and 20 dB at 400 mA SOA current. This high attenuation value is due to fibre-SOA coupling loss, waveguide scattering and free-carrier absorption. The losses in the 1310 nm SOA can be compensated by applying a 1550 nm CW laser with high output power or by 1550 nm signal amplification after the wavelength converter. We investigated the performance of the proposed wavelength converter by measuring BER. Fig. 3a shows the BER curves for a converted and a reference back-to-back signal against measured optical power before a preamplifying EDFA. As a reference we used an optimised 1550 nm NRZ signal generated in the external Mach-Zehnder modulator. The power penalty for the conversion at BER 10 À9 is 3.8 dB and no BER error floor is observed. Additionally, we verified the wavelength conversion penalty (BER 10
À9
) at 10 Gbit=s to be as small as 1.7 dB in the same wavelength converter configuration. We attribute these penalties to the pattern effects in the 1310 nm SOA. Figs. 3b and c present 20 Gbit=s eye diagrams captured using a 50 GHz communications analyser. The eye diagram for the converted 1550 nm signal (Fig. 3c) shows clear open eye and indicates excellent operation of the wavelength converter. Some asymmetry in the eye diagram due to the pattern effects caused by the slow carrier recovery of the SOA can be observed. 
Conclusion:
We have demonstrated a novel all-optical 1310 to 1550 nm wavelength converter based on nonlinear polarisation rotation in a single SOA. Error-free 1310 to 1550 nm wavelength conversion at 20 Gbit=s is shown for the first time. The proposed wavelength converter operates at high bit rate, requires moderate input powers, and remains cost-effective, which makes it applicable for interfacing metro-access systems and the core network. The presented wavelength converter concept can be used in principle for any wavelength up-conversion from the gain region of the SOA, making it interesting for applications in networks utilising the whole low-loss bandwidth of silica fibre.
